Introduction {#s1}
============

Birds selected for egg-laying face many serious animal welfare problems. One of the most challenging issues is feather pecking (FP). Feather pecking (FP) is a repetitive oral behavior in which individuals peck repetitively at another bird\'s feather cover ([@B1]). The act often results in feathers or parts of feathers being broken off, plucked/pulled ([@B2]) and subsequently ingested ([@B3]--[@B5]), causing significant skin injuries to the victim ([@B6]). Hence, FP in birds selected for egg laying takes place in a social context between two birds.

On commercial farms, these birds live in a densely populated environment with large groups of thousands of female individuals ([@B7]). Under natural conditions, social groups typically consist of one male with up to 20 females ([@B8], [@B9]) demonstrating the dramatic contrast in group size. In these groups, it is unlikely for birds to adequately recognize/remember each other. These social environments constantly change. More specifically, a social environment such as this may have strong adverse effects on behavioral functioning, producing abnormally high levels of inappropriate social behavior such as FP ([@B10], [@B11]). In particular, FP behavior may naturally shape the social environment of the involved birds, where feather peckers may cause social stress and social stress causes FP within a group due to social instability ([@B12], [@B13]). FP may also be influenced by the social rank of an individual within a social group ([@B14]). Moreover, feather peckers appear less social by displaying less motivation to join a group ([@B15]) and have pronounced stress reactions to increased social contact ([@B16]).

The neurobiological mechanisms that underlie FP are not well-understood. It has been suggested that the avian serotonergic (5-HT) system ([@B17]) and the precursor tryptophan (TRP) are intimately linked to repetitive FP. Furthermore, genetic factors ([@B18]) such as candidate genes linked to the 5-HT system ([@B19]), lower forebrain 5-HT turnover levels ([@B20], [@B21]), and nutritional factors, including low dietary TRP ([@B22]) also point toward serotonergic system involvement in the development of FP behavior.

In the human, it is well-known that stressful situations can alter peripheral and brain TRP levels by stimulating the immune system and activating the HPA-axis ([@B23]). Therefore, the concept of TRP metabolism alterations elicited by stressful events is of growing interest for understanding TRP/5-HT-related behavioral disorders, characterized by dysfunction in social interactions in humans, such as depression ([@B24]) or autism-spectrum disorders ([@B25]). In the human, TRP is degraded in two major pathways: the kynurenine (KYN) pathway and the 5-HT/serotonergic pathway. Cytokines activate indolamine 2,3-dioxygenase-1 (IDO-1), converting TRP to KYN. The same conversion is achieved by enzyme IDO-2 with a different activity rate and activation pattern ([@B26]). Another TRP catabolic enzyme is tryptophan-2,3-dioxygenase (TDO), expressed mainly in liver, kidney, and brain, which is activated by the substrate itself or by hormones (glucocorticoids, prolactin) ([@B27]). The second pathway, the 5-HT/serotonergic pathway, is initiated by TRP hydroxylase (TPH) ([@B28]). Stressful events activating TDO and immunological challenges inducing IDO activity, which metabolizes TRP to KYN, may be depleting the system of TRP and attenuate to produce 5-HT in the mammalian brain ([@B29]). Additionally, since 5-HT cannot cross the blood-brain barrier, central 5-HT synthesis depends on the availability and transport of its precursor, TRP, into the brain ([@B30]). TRP competes with other large neutral amino acids (LNAAs) for active transport by the large amino acid transporter system ([@B31]). Consequently, decreased peripheral TRP relative to other LNAAs results in a lower TRP influx into the central nervous system. The KYN/TRP ratio reflects mainly IDO-1 activity in the human system when additional proinflammatory markers such as neopterin are present ([@B32]). Alterated KYN/TRP ratios were found in people with major depressive disorders and in patients with chronic disorders additionally suffering from depression and reduced quality of life ([@B33], [@B34]). Additional to TRP metabolism, in the human system, pro-inflammatory cascades were found to be associated with disturbed phenylalanine hydroxylase (PAH) activity ([@B35]), which metabolizes phenylalanine (PHE) to tyrosine (TYR) and is reflected by the PHE/TYR ratio. Tyrosine is further catabolized to the neurotransmitters adrenalin, noradrenalin, and dopamine (DA). In our previous work, we have established that PAH activity (measured by the ratio of PHE/TYR) may play a role in the development of injurious head pecking behavior, while FP was not observed ([@B36]).

The present study aimed to investigate the effect of social stress resulting from social disruption on (i) FP activity, (ii) metabolism of the amino acids TRP, PHE, TYR, their relevant ratios, and (iii) related biomarkers of immune activation in adolescent birds selected for and against FP behavior. We hypothesized that social disruption treatment is associated with increased FP, an accelerated TRP metabolism, shifts to PHE/TYR metabolism, and increased neopterin production. Neopterin was measured as it is a sensitive marker of immune activation in humans and primates, where its formation is mainly activated by interferon-γ alongside IDO-1 activity ([@B37]) and because of the relationship between psychological stressors and immune system activation ([@B38]).

Materials and Methods {#s2}
=====================

Ethical Statement
-----------------

This study was approved by the University of Guelph Animal Care Committee before testing (Animal Utilization Protocol \# 3206).

Animals and Housing
-------------------

The birds in the present study originated from a selection experiment in which birds were divergently selected for based on FP activity, high (HFP) and low (LFP), and an unselected control line (UC) ([@B18]). In these pedigree lines, the mating of close relatives was avoided. Twenty male and 40 female breeders in the UC line and ten male and 25 female breeders in the selected lines were used to producing the chicks. One-day-old non-beak trimmed chicks were imported from Europe and arrived individually wing-tagged (with pedigree information). The experimenters were blinded to the lines. Because the numbers of female chicks per line were unequal, the genetic lines were mixed in with the groups of the experimental set-up to create an equal genetic environment in each experimental pen. Ten pens with 16 individuals each (4 HFP birds; 3 LFP birds; 9 UC birds) were used. The floor pens were identical to the one described in Kozak et al. ([@B39]). Visual barriers between the pens were provided. Pens offered space for nine adult birds/m^2^, 15 cm perch length/bird at 90 cm above the ground, 125 × 31 cm plastic slatted platforms 65 cm above the ground, 10 cm food trough length/bird, and ten nipple drinkers. Wood shavings were used as floor bedding material. Cameras (Samsung SNO-5080R, IR, Samsung Techwin CO., Gyeongi-do Korea) were ceiling-mounted within each pen above the entrance. The birds were kept in a ventilated, windowless room with a light intensity of 25 lx at animal level. Management of the temperature and lighting schedule during rearing was according to commercial management guidelines.

Social Disruption Stress Treatment
----------------------------------

Ten days before the social disruption treatment, the birds (14 weeks of age) were individually tagged with numbered soft silicone plates fastened to the backs of the birds using elastic straps around their wings, which served to identify birds on video observations ([@B40]). At 16 weeks of age, we disrupted five pens by mixing individuals with unfamiliar birds from other pens to induce social stress, while the other five pens remained undisrupted (control groups/pens). For each social disruption treatment, each pen was split into four sub-groups of four individuals per sub-group (1 HFP, 1 LFP, 2 UC). The sub-groups were taken out of their five "home" pens and distributed into four other pens where they encountered 12 unfamiliar individuals in each new pen. This resulted in the new pen consisting of 4 sub-groups of 4 individuals each, with each sub-group deriving from a different pen (*n* = 16 individuals per pen). Three days after social disruption treatment, the procedure was repeated to increase the effects of social stress by disrupting the newly established social environment. The genetic make-up of the groups of 16 remained identical throughout the entire experiment (4 HFP birds; 3 LFP birds; 9 UC birds). Control groups were caught and released into a different pen (group remained undisrupted) as a sham treatment. In summary, five treatment groups received social disruption treatment, and five controlled groups received no social disruption treatment. All groups were moved out of their home pens to avoid "home pen" advantage.

Behavioral Observations
-----------------------

Behavioral observations of each pen were undertaken 2 days before social disruption treatment to record baseline (pre-treatment) behavior \[10 min in the morning (9:00 h) and 10 min in the afternoon (14:00 h)\]. We chose our observation length based on previous research with FP video-observations \[e.g., ([@B41])\]. Post-treatment we recorded 2 minutes (for a period of 10 min), 1 h (for a period of 10 min) and on the following day \[10 min in the morning (9:00 h) and 10 min in the afternoon (14:00 h)\]. When two observations were conducted on the same day, we averaged FP occurrence across both observations. In sum, to evaluate FP levels, each individual bird was observed for 60 min: two 10 min baseline observations and four 10 min post-disruption observations. During the observation periods, all occurrences ([@B42]) of FP were recorded. FP was subdivided into gentle and severe FP pecks as described in Bilčik and Keeling ([@B10]).

Body Weight
-----------

Each birds\' bodyweight was measured 1 day before (at 16 weeks of age) and 3 weeks post (at 19 weeks of age) the social disruption stress.

Blood Measurements
------------------

Blood samples were taken from each bird 1 day before the first treatment (baseline data) and 4 days after the second social disruption treatment. The wing vein of each bird was punctured with a 21-gauge butterfly needle to draw three mL of blood per animal into an EDTA tube. All blood collections were performed between 9:00 and 12:00 h. Individual birds were sampled at the same time point on both blood collection days.

Blood samples were stored on ice until centrifuged for 10 min at 4°C and 2,500 rpm for plasma separation. Plasma was then aliquoted into 1.5 mL vials and stored at −20°C until shipped for aromatic amino acid (AAA), Tryptophan (TRP), Tyrosine (TYR), Phenylalanine (PHE), and large neutral amino acids (LNAA); Threonine, Methionine, Valine, Leucine, Isoleucine, and Histidine analysis performed on a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) system (Waters, Manchester, UK) at the SickKids Proteomics, Analytics, Robotics & Chemical Biology Centre at the SickKids Hospital, Toronto, Canada.

The remaining plasma samples were used to analyze the concentrations of free TRP and KYN as well as concentrations of PHE and TYR by high-performance liquid chromatography (HPLC) on a ProStar Varian system (USA) using rp-18 columns (LiChroCART 55-4, 3 μm grain size; Merck, Germany) and acetic-sodium acetate buffer (pH = 4) as eluent (flow-rate: 0.9 mL/min) according to the protocol described earlier ([@B43]) at the Biocentre of the Medical University in Innsbruck, Austria. Three-nitro-L-TYR (Sigma Aldrich, Austria) was used as an internal standard. TRP and KYN standards were purchased from Sigma-Aldrich (Austria). KYN and 3-nitro-L-TYR were detected by UV-absorbance at 360 nm wavelength (Shimadzu SPD-6A UV detector, Austria). TRP was detected by its fluorescence with an excitation wavelength of 286 nm and an emission wavelength of 366 nm (ProStar 360 detector, Varian, USA). The sensitivity of the measurements was 0.1 μmol/L TRP and 0.5 μmol/L KYN. HPLC and UPLC methods of amino acid measurements showed strong positive correlations \[*r* = 0.61; see ([@B44])\]. Neopterin was measured by ELISA with a detection limit of 2.0 nmol/L (BRAHMS Diagnostics, Hennigdorf, Germany).

Statistical Analysis
--------------------

To analyze the effect of social disruption stress on behavior and physiology, we used a Proc Glimmix procedure in SAS (SAS Institute Inc., Cary, NC, 2016).

The effect of social disruption stress treatment (disruption/no disruption) and line (HFP, LFP, UC), and their interactions on FP behavior, body weight and blood measurements as the response variable, with averaged baseline measurements before the treatment as covariates, was measured. In the random statement, we accounted for repeated measurements on pens and mixing the lines within the pens. We used Poisson distribution for behavioral data, a Gaussian distribution for body weight and blood measurements, and a compound symmetry structure was fitted to the model. The degrees of freedom were adjusted using the Kenward-Roger method. Due to zero-inflated pecking data (counts), gentle FP and severe FP were merged into one category. Normal distribution of residuals was tested by employing a Proc Univariate procedure. Data are presented as LSM ± SE unless otherwise stated.

Results {#s3}
=======

Descriptive statistics for biological markers before (PRE) and after (POST) social disruption treatment in disrupted and undisrupted groups across all lines and separately for each line are listed in [Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}.

###### 

Descriptive statistics (mean ± standard deviation) for biological markers before (PRE) and after (POST) social disruption treatment in disrupted and undisrupted groups.

                           **Undisrupted baseline PRE**   **Undisrupted POST**   **Disrupted baseline PRE**   **Disrupted POST**
  ------------------------ ------------------------------ ---------------------- ---------------------------- --------------------
  Tryptophan (μmol/L)      105.69 ± 9.20                  98.50 ± 13.13          101.13 ± 12.64               98.32 ± 10.65
  Kynurenine (μmol/L)      0.34 ± 0.09                    0.35 ± 0.08            0.30 ± 0.09                  0.36 ± 0.29
  Kyn/Trp (μmol/mmol)      32.48 ± 0.784                  35.50 ± 0.76           28.65 ± 0.793                31.88 ± 0.89
  Neopterin (nmol/L)       2.7 ± 0.42                     2.74 ± 0.44            2.88 ± 0.48                  2.81 ± 0.60
  Tyrosine (μmol/L)        199.87 ± 44.40                 197.75 ± 41.72         208.38 ± 36.45               207.12 ± 32.54
  Phenylalanine (μmol/L)   133.08 ± 22.26                 135.37 ± 21.05         133.73 ± 13.79               132.15 ± 11.85
  Phe/Tyr (mol/mol)        0.67 ± 0.13                    0.71 ± 0.11            0.63 ± 0.09                  0.62 ± 0.09
  TRP/AAA                  0.36 ± 0.05                    0.30 ± 0.04            0.33 ± 0.04                  0.28 ± 0.03
  TRP/LNAA                 0.09 ± 0.01                    0.09 ± 0.01            0.09 ± 0.01                  0.09 ± 0.01

###### 

Descriptive statistics (mean ± standard deviation) for biological markers before (PRE) and after (POST) social disruption treatment in high (HFP), low (LFP), and unselected control (UC) lines in disrupted and undisrupted groups.

  ------------------------------------------------------------------------------------------------------------------------------------
  **UC line**              **Undisrupted baseline PRE**\   **Undisrupted POST**\   **Disrupted baseline PRE**\   **Disrupted POST**\
                           **(*n* = 45)**                  **(*n* = 45)**          **(*n* = 45)**                **(*n* = 45)**
  ------------------------ ------------------------------- ----------------------- ----------------------------- ---------------------
  Tryptophan (μmol/L)      104.03 ± 9.23                   96.76 ± 13.93           103.64 ± 10.29                99.78 ± 10.14

  Kynurenine (μmol/L)      0.34 ± 0.08                     0.35 ± 0.08             0.30 ± 0.09                   0.40 ± 0.39

  Kyn/Trp (μmol/mmol)      33.0 ± 7.3                      36.0 ± 8.22             29.3 ± 7.6                    34.6 ± 10.3

  Neopterin (nmol/L)       27.0 ± 4.2                      31.8 ± 5.8              29.6 ± 6.8                    32.2 ± 2.4

  Tyrosine (μmol/L)        204.79 ± 29.35                  204.73 ± 35.41          221.07 ± 32.60                220.36 ± 32.45

  Phenylalanine (μmol/L)   134.10 ± 19.91                  136.63 ± 18.83          140.36 ± 13.53                138.72 ± 12.14

  Phe/Tyr (mol/mol)        0.66 ± 0.08                     0.67 ± 0.07             0.64 ± 0.07                   0.64 ± 0.08

  TRP/AAA                  0.34 ± 0.04                     0.28 ± 0.03             0.33 ± 0.03                   0.28 ± 0.03

  TRP/LNAA                 0.09 ± 0.01                     0.09 ± 0.01             0.10 ± 0.01                   0.09 ± 0.01

  **LFP line**             **Undisrupted baseline PRE**\   **Undisrupted POST**\   **Disrupted baseline PRE**\   **Disrupted POST**\
                           **(*n* = 15)**                  **(*n* = 15)**          **(*n* = 15)**                **(*n* = 15)**

  Tryptophan (μmol/L)      110.79 ± 8.57                   102.87 ± 11.08          105.60 ± 17.99                105.33 ± 12.07

  Kynurenine (μmol/L)      0.34 ± 0.08                     0.36 ± 0.09             0.28 ± 0.07                   0.32 ± 0.09

  Kyn/Trp (μmol/mmol)      30.6 ± 6.6                      35.3 ± 7.4              26.3 ± 5.4                    30.5 ± 7.1

  Neopterin (nmol/L)       26.9 ± 3.4                      31.3 ± 4.2              28.8 ± 0.50                   31.1 ± 2.7

  Tyrosine (μmol/L)        220.87 ± 47.55                  219.22 ± 39.91          231.19 ± 40.48                233.59 ± 29.94

  Phenylalanine (μmol/L)   132.78 ± 19.28                  138.38 ± 8.49           139.81 ± 13.75                137.70 ± 12.99

  Phe/Tyr (mol/mol)        0.61 ± 0.08                     0.65 ± 0.10             0.62 ± 0.09                   0.59 ± 0.06

  TRP/AAA                  0.36 ± 0.05                     0.30 ± 0.04             0.33 ± 0.04                   0.30 ± 0.03

  TRP/LNAA                 0.09 ± 0.01                     0.09 ± 0.01             0.09 ± 0.01                   0.09 ± 0.02

  **HFP line**             **Undisrupted baseline PRE**\   **Undisrupted POST**\   **Disrupted baseline PRE**\   **Disrupted POST**\
                           **(*n* = 20)**                  **(*n* = 20)**          **(*n* = 20)**                **(*n* = 20)**

  Tryptophan (μmol/L)      105.58 ± 8.82                   99.14 ± 12.74           108.34 ± 12.58                104.82 ± 9.65

  Kynurenine (μmol/L)      0.35 ± 0.11                     0.34 ± 0.08             0.37 ± 0.10                   0.32 ± 0.07

  Kyn/Trp (μmol/mmol)      32.7 ± 10.0                     34.5 ± 6.8              34.2 ± 8.9                    30.9 ± 6.0

  Neopterin (nmol/L)       2.87 ± 0.54                     3.21 ± 0.41             2.88 ± 0.48                   3.17 ± 0.25

  Tyrosine (μmol/L)        173.03 ± 17.57                  165.95 ± 8.34           194.32 ± 32.74                189.17 ± 18.54

  Phenylalanine (μmol/L)   130.98 ± 23.19                  130.28 ± 25.82          135.10 ± 14.08                133.33 ± 9.42

  Phe/Tyr (mol/mol)        0.73 ± 0.22                     0.80 ± 0.11             0.71 ± 0.08                   0.71 ± 0.09

  TRP/AAA                  0.39 ± 0.05                     0.34 ± 0.04             0.37 ± 0.04                   0.32 ± 0.03

  TRP/LNAA                 0.09 ± 0.01                     0.08 ± 0.01             0.09 ± 0.01                   0.08 ± 0.01
  ------------------------------------------------------------------------------------------------------------------------------------

Effects of Genetics and Social Disruption on FP Behavior and Body Weight
------------------------------------------------------------------------

There was a significant effect of genetic line \[*F*~(2,\ 152)~ = 53.30, *P* = 0.001\], where HFP birds performed 68% more FP (8.6 ± 3.7) compared to LFP (2.7 ± 1.8; *t* = -7.38; *P* \< 0.0001) and 44% more than UC birds (4.8 ± 1.8; *t* = -10.12; *P* \< 0.0001). The occurrence of FP behavior (mean ± SD pecks per hour) was significantly affected by the social disruption treatment \[*F*~(1,\ 152)~ = 20.58, *P* = 0.001\], with socially disrupted groups showing 33 % more of FP than undisrupted groups (4.6 ± 3.8 vs. 3.1 ± 3.3) across all lines. There was a significant effect of social disruption treatment \[*F*~(2,\ 153)~ = 6.36, *P* = 0.01\] on body weight gain (384.36 ± 17.91 g) compared to non-disrupted groups (320.73 ± 17.75 g; *t* = -2.52, *P* \< 0.0127) across all lines over a period of 3 weeks.

Effects of Genetics and Social Disruption on Metabolism of Amino Acids
----------------------------------------------------------------------

LFP birds (103.72 ± 2.17 μmol/L) had significantly higher blood TRP concentrations than UC birds (98.48 ± 1.25 μmol /L; *t* = -2.08; *P* \< 0.04); however, LFP birds did not differ from HFP birds (101.77 ± 1.89 μmol/L). Social disruption treatment tended to increase blood TRP concentrations \[*F*~(1,\ 152)~ = 3.4, *P* = 0.07\], where TRP concentrations tended to be higher in socially disrupted (103.25 ± 1.48 μmol/L) than non-disrupted groups (99.4 ± 1.5 μmol/L; *t* = -84; *P* = 0.07) across all lines.

There was a significant effect of genetic line \[*F*~(2,\ 152)~ = 8.03, *P* = 0.0005\], which could be attributed to lower TRP/*Σ* AAA ratios in UC birds (0.288 ± 0.002) compared to LFP birds (0.3 ± 0.004; *t* = -1.97, *P* \< 0.05\] and HFP birds (0.311 ± 0.004 *t* = -3.92, *P* \< 0.0001).

TRP/*Σ* LNAA concentrations were not affected by genetic line \[HFP birds: 0.085 ± 0.001; LFP: 0.089 ± 0.0002; UC: 0.09 ± 0.001 5; *F*~(2,\ 152)~ = 1.3, *P* = 0.27\], nor social disruption \[disrupted: 0.088 ± 0.001 vs. non-disrupted: 0.086 ± 0.001; *F*~(1,\ 152)~ = 2.82, *P* = 0.09\], nor interactions were observed for TRP/*Σ* LNAA concentrations.

There was a significant effect of line \[*F*~(2,\ 152)~ = 17.27, *P* = 0.001\], where HFP birds had 15 % higher PHE/TYR ratios (0.74 ± 0.01 μmol/ μmol) compared to LFP (0.63 ± 0.01 μmol/ μmol; *t* = -5.34; *P* \< 0.0001) and 11% higher PHE/TYR ratios compared to UC birds (0.65 ± 0.001 μmol/ μmol ± 0.005; *t* = -5.13; *P* \< 0.0001). There was a significant effect of social disruption treatment on PHE/TYR \[*F*~(1,\ 152)~ = 15.51, *P* = 0.0001\], where socially disrupted birds had 8.5% lower PHE/TYR ratios (0.65 ± 0.01 μmol/ μmol) compared to birds in non-social disrupted groups (0.7 ± 0.009 μmol/μmol; *t* = 3.94; *P* \< 0.0001) across all lines.

Effects of Genetics and Social Disruption on Biomarkers of Immune Activation
----------------------------------------------------------------------------

KYN concentrations were not affected by genetic line effects \[HFP birds: 0.33 ± 0.03 μmol/L; LFP: 0.34 ± 0.04; UC: 0.37 ± 0.02 5; *F*~(2,\ 152)~ = 0.524, *P* = 0.59\]; [Table 2](#T2){ref-type="table"}, norsocial disruption \[disrupted: 0.35 ± 0.03 μmol/L vs. non-disrupted: 0.35 ± 0.03 μmol/L; *F*~(1,\ 152)~ = 0.00, *P* = 0.94\], nor were interactions observed for KYN concentrations; [Table 1](#T1){ref-type="table"}.

HFP birds (3.2 ± 0.13 μmol/mmol), compared to UC birds (3.53 ± 0.08 μmol/ mmol; *t* = 2.15; *P* \< 0.03), had significantly lower KYN/TRP ratios (9.35%); [Table 2](#T2){ref-type="table"}. There was a tendency of social disruption treatment on KYN/TRP \[*F*~(1,\ 152)~ = 3.41, *P* = 0.07\], where social disrupted birds had 7.43% lower KYN/TRP ratios (3.24 ± 0.1 μmol/ mmol) compared to birds in non-social disrupted groups (3.5 ± 0.099 μmol/ mmol; *t* = 1.85; *P* \< 0.07) across all lines; [Table 1](#T1){ref-type="table"}.

Neopterin levels were not significantly different between lines; [Table 2](#T2){ref-type="table"} (HFP birds: 2.88 ± 0.08 nmol/L, LFP birds: 2.78 ± 0.096 nmol/L, UC birds: 2.82 ± 0.05 nmol/L). Similarly, no significant differences were observed between neopterin levels in social disrupted (2.9 ± 0.06 nmol/L) and non-social disrupted (2.7 ± 0.06 nmol/L) groups; [Table 1](#T1){ref-type="table"}.

Discussion {#s4}
==========

In the present study, we investigated the effect of social disruption stress in three chicken lines genetically selected for FP behavior and compared the FP response and TRP/KYN metabolic pathway. As far as we are aware, no previous study reported avian TRP degradation rate and FP behavior after a socially stressful situation in domestic birds, nor has the TRP/KYN pathway been compared between genetic lines selected for or against FP behavior.

The disruption of an established social environment produced an increase in FP behavior when compared to control groups. The social disruption treatments resulted in familiar birds being taken out and new birds being introduced into a one pen environment. These birds are both a resident group faced with newcomers and a new group coming into an existing group. FP in this context could reflect frustration ([@B45], [@B46]) after disruption of an established social environment (social bonds/relationships were built throughout the 16 weeks and then disrupted). Indeed, the exposure to social stressors is a critical risk factor for developing impaired social behavior in humans ([@B47], [@B48]) and other animals ([@B49]). However, from an evolutionary point of view, any negative/damaging social interactions after losing a social environment could also be interpreted as an adverse response to separation, which could encourage social animals to remain in a group ([@B50]). However, Riedstra and Groothuis ([@B51]) stated that FP could develop from a normal bird-to-bird social exploration, where chicks direct their pecks preferentially toward unfamiliar birds ([@B52]), which also helps to maintain a social relationship ([@B53]). It remains possible that the birds in our study developed pecking at the feather cover of other birds to socially explore unfamiliar birds, meaning a "normal basal level of allopreening" ([@B54], [@B55]). Both explanations, frustration, and social exploration, may have contributed to the increase in FP in the present study, but their relative importance and interaction are unknown.

Higher FP levels in HFP birds demonstrated the influence of genetic background on FP behavior. No interaction between genetic line and social disruption stress was found. This result was in contrast to our prediction. Social disruption stress did not make HFP birds more susceptible to developing FP behavior compared to LFP and UC birds, even though these genetic lines ([@B18]) differ on a behavioral and physiological level in stressful laboratory test situations in HPA-axis ([@B56]) and the relative sympathetic and parasympathetic nervous system activation responses ([@B16]).

Social disruption treatment tended to, and in LFP birds significantly, increase blood TRP levels. Blood levels of TRP are dependent on nutrition, metabolic rates and interactions between metabolites of amino acids, carbohydrates, and lipids ([@B57]). We cannot rule out that different amounts of feed consumed by certain individuals may have affected blood TRP levels. Interestingly, birds in disrupted groups gained more weight, likely due to increased feed intake, which might have impacted blood TRP levels in these birds. Stress can elevate brain TRP levels ([@B23]). The uptake of TRP into the brain is not determined by the absolute TRP concentrations, but rather by the ratio of TRP to other relevant amino acids. One mechanism regulating TRP uptake into the brain is by an elevation of the TRP/AAA or TRP/ LNAA ratios, which favor TRP uptake in the brain and thereby increases brain TRP levels ([@B58]) and potential TRP related behavior. However, we did not observe elevated TRP/AAA or TRP/LNAA ratios after social disruption treatment in the present study.

In addition to higher FP activity in social disrupted groups and HFP birds, birds in disrupted social environments tended to have lower KYN/TRP ratios, and HFP birds had significantly lower KYN/TRP ratios compared to UC birds, which was in contrast to our expectations. Lower KYN/TRP ratios may either indicate that blood TRP concentrations are kept more constant in HFP vs. UC birds, likely attributable to better food uptake, and that there is no immune activation which triggers downstream metabolism along the kynurenine axis. As neopterin, a marker of activation for the cellular immune system in human, was present at very low concentrations and did not differ among the bird lines, it remains questionable whether this marker can be used to indicate immune system activation in avians. If there is more TRP present in the system, this may point toward an increased formation of 5-HT along the serotonergic axis and away from KYN production.

The biological roles of KYN\'s downstream metabolites differ: KYN serves as an important precursor of the neuroprotective kynurenic acid, a glutamate receptor antagonist, however another downstream product, quinolinic acid is neurotoxic. Human patients with colorectal cancer, for example, often present with elevated KYN/TRP ratios, and the lowering of TRP due to its increased breakdown to KYN was found to be associated with depression ([@B59]).

However, the results obtained from this study cannot determine whether the KYN/TRP ratios impact FP or whether a higher number of FP pecks was caused by a lack of neuroprotective kynurenic acid.

The regulatory mechanisms used in TRP metabolism by domestic birds compared to humans may indicate major evolutionary differences in the breakdown of this molecule. For example, an NCBI GenBank Homologene search revealed *Gallus Gallus* orthologs for human IDO-2 and TDO, but not for IDO-1. IDO-2 has only 3--5% enzymatic activity of IDO-1 in humans ([@B26]). Therefore, a more detailed analysis of regulatory mechanisms is necessary to understand the role of TRP metabolism for laying hen immune system and brain function.

As we measured for the first time in our study in the domestic adolescent laying hen the KYN pathway of TRP metabolism, it is noteworthy that blood plasma concentrations of KYN measured in adolescent birds appear much lower ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}) than what has been found in human studies \[1.78 ± 0.04, *n* = 100; see ([@B60])\] and TRP levels higher ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}) compared to humans \[67.4 ± 1.02, *n* = 100; EM ± SE; values are taken from ([@B60])\].

For groups with social disruption treatment, PHE/TYR ratios were significantly lower than in the non-disrupted groups. PHE is an essential amino acid that can be converted to TYR, the precursor of catecholamines and thyroid hormones ([@B35], [@B61]). TYR has been shown to be an important amino acid for producing proteins, which participate in host defense activities, where their role of synthesis increases several folds under stress ([@B62]). Stressful events can increase PAH activity, decrease PHE/TYR ratios, and increase dopaminergic activity in mammals ([@B63]). Although we did not measure corticosterone as a marker for physiological stress response in the present study, higher corticosterone levels in FP birds shown in the study by van Hierden et al. ([@B21]), and the low PHE/TYR ratio in blood plasma of birds in social disrupted groups (and higher FP levels) could indicate a stress-mediated increase in PAH activity. Indeed, Birkl et al. ([@B36]) measured low PHE/TYR ratios in birds kept in groups with aggressive pecking/negative social interaction problems (psychological stressor) and in birds with an early onset of egg-laying (physiological stressor), suggesting a stress-mediated increase in PAH. This observation is also confirmed by Dennis and Cheng ([@B64]), suggesting a link between high egg production and aggressive behavior in laying hens selected for survivability and production ([@B65]), where the dopaminergic system is likely impacted by reproductive physiology. Interestingly, lower PHE/TYR ratios in athletes performing exhaustive exercises were interpreted as more probable to produce higher catecholamine levels, which may compensate, at least partly, for mood lowering intensive exercise (stressor) programs ([@B66]). Whether birds in socially disrupted groups with lower PHE/TYR ratios produce more catecholamines and increase brain dopaminergic activity needs further investigation.

The development of body weight was significantly affected by social disruption treatment; surprisingly, birds in socially disrupted groups gained more weight. In humans, facing stressors might increase or decrease food intake ([@B67]). In the case of chronic stress or if there are multiple sequential stressors, glucocorticoid levels can be maintained chronically high, leading to increased feeding and consequent obesity ([@B68]). We did not measure feed intake in the present study. Nevertheless, the weight gain in socially disrupted birds could indicate higher feed consumption. Considering the social disruption treatment has strong adverse effects on psychological (increased FP) and physiological (amino acid metabolism) functioning, birds could have consumed more food, as shown in rat models for obesity research ([@B69]). In mammals, palatable food can activate the dopaminergic pathway where high levels of dopamine help to extinguish the activity of the HPA axis ([@B70]). Similar considerations could be hypothesized in the present study: Social disruption treatment triggered pecking at the feather cover of other birds, where birds might pluck and eat feathers ([@B3], [@B71]) leading to positive post-ingestive feedback and making feathers highly palatable ([@B40]). Additionally, feather ingestion increases metabolism efficiency by increasing conversion of feed into body weight ([@B72]). Together, the highly palatable feathers and glucocorticoids (high pen specific stress levels in socially disrupted groups) might have activated the dopaminergic circuit reward system (they cannot or will not stop), indicated by the low PHE/TYR ratio, to peck at, pluck and eat palatable feathers and feed. Despite this hypothesis, a remaining question is why genetically selected HFP birds (susceptible to FP) showed higher PHE/TYR ratios when we would expect them to be more prone toward engaging in FP and in this positive feedback-loop.

Avian plasma neopterin concentrations could be detected in adolescent birds, albeit at much lower concentrations than in humans. Even so, neither social disruption treatments nor genetic differences between lines impacted neopterin levels. Though neopterin as an immune marker in avian species would have been fortunate, as avian immune activation is often difficult to assess due to the limited availability of cytokine detection assays, our results point toward a different regulation of the pteridine metabolism in the avian and human systems.

A potential limitation of the present study is that the measured peripheral plasma blood levels of amino acids and their specific metabolites might not be representative of their levels in the CNS. However, it has been shown in human and other mammals that there are strong associations between blood plasma and cerebrospinal fluid levels of KYN/TRP and PHE/TYR ([@B73], [@B74]). Strikingly, Kops et al. ([@B75]) showed that HFP birds have higher 5-HT and dopaminergic turnover in the limbic caudolateral nidopallium of the avian brain, which serves comparable functions to the mammalian prefrontal cortex ([@B76]). However, we are not aware of any investigation investigating brain TRP/KYN metabolism in relation to FP. A further limitation of our study is that we cannot rule out that feed/water consumption may have affected the metabolite levels.

Additionally, it should be stated that the severity of FP observed in these adolescent birds was moderate, in that we did not observe significant damage to the feather-cover. Also, Piepho et al. ([@B77]) described "extreme" feather peckers as individuals who performed severe FP consistently in at least 3 out of 5 observations. This could not be observed in our study. The moderate FP level which we observed might be explained in part by the fact that these birds were relatively young (16 weeks of age) and that birds were kept in enriched "luxury" environments (elevated platforms, perches, nest boxes), compared to commercial housing systems, where birds could avoid negative social interactions. Also, the stress level induced in the experiment is likely much less than that in effect in commercial situations (large groups and high stocking densities), in terms of severity and duration, which might have impacted behavioral and physiological measurements. Worldwide, the majority of birds are reared on pullet (birds until sexual maturity; before egg laying) farms being transferred to egg layer farms for production. This transition between physical and social environments can be drastic and could lead to physiological changes which result in FP. However, birds in the present study were given the opportunity to have a fixed social environment for the first 16 weeks of life, in a relatively small group. In comparison, commercial situations will not permit any fixed social environment throughout their entire life, due to large group size and disruption between rearing and laying. So, social stress may have a more chronic and severe impact on commercial birds compared to the birds of this study. Furthermore, the number of pens per treatment was relatively small, and larger studies are needed to confirm the results.

In conclusion, as hypothesized, birds in social disrupted groups showed a higher FP activity. KYN and neopterin concentrations could be detected in laying hen blood. TRP, PHE, TYR, and their relevant ratios could be used to differentiate birds in social disrupted from undisrupted groups. However, contrary to our expectation, birds in social disrupted environments tended to have lower PHE/TYR ratios, higher TRP concentrations and lower KYN/TRP ratios; lower KYN/TRP ratios were especially unexpected. Therefore, monitoring the avian amino acid metabolism and how it impacts the etiology and physiology of FP in laying hens might offer new avenues to understand this behavioral problem.
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